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ABSTRACT 
 
This work aims to investigate the change in static capacity of monopiles due to cyclic lateral 
loading. Results from small-scale tests on a monopile model in dense saturated sand are presented. 
Three series of tests were carried out to study the response of the monopile to different cyclic lateral 
loading conditions. A formulation to predict the change in static capacity is proposed and applied to 
confirm the tests results. 
 
INTRODUCTION 
 
Offshore wind power is becoming a competitive renewable energy technology, although it currently 
represents a small percentage of the total wind energy capacity. There are several foundation types 
for offshore wind turbines and the most common is the monopile foundation. The monopile is a 
steel pile often with a diameter of 4 m to 6 m. Nowadays, the design of monopiles relies on 
guidelines that are used for offshore piles supporting oil and gas facilities. Such foundations are 
slender piles with a diameter of 0.5 m to 2 m. Slender piles have a flexible behavior under 
horizontal loads, which is different from the stiff behavior of monopiles. Therefore, current design 
methods may not capture the real response of monopiles, which is not well interpreted. Further, 
offshore wind turbines are exposed to different loads than oil and gas installations. Waves and wind 
induce millions of cyclic lateral loads on a monopile during its lifetime. The design approach 
proposed in API (2010) and DNV (2014) involves cyclic lateral loading by reducing the ultimate 
resistance of the soil-pile system with a constant factor. This reducing factor does not account for 
the amplitude and direction of the cyclic loading or the number of cycles, which might differ by less 
than few hundreds of cycles in the short-term to millions in the long-term. Millions of cyclic loads 
induce monopiles to accumulate a rotation that might damage the turbine. Thus, further 
investigations are necessary to fully understand the behavior of monopiles under cyclic lateral 
loading in order to improve design guidelines. 
LITERATURE REVIEW 
The p-y curve method is the most common approach for predicting lateral displacements of offshore 
piles subjected to lateral loads. The p-y curves represent the relationship between the soil resistance 
p and the lateral displacement of the pile y, taking into account cyclic loads through a reducing 
factor of p. This approach arises from studies promoted by the oil and gas industry and was 
proposed by Reese et al. (1974) and O´Neill and Murchison (1983), who reported results of full-
scale tests on slender piles with no more than 100 load cycles. A review of previous works on 
offshore piles was described in Long and Vanneste (1994). This work presented results of 34 field 
tests with 5 to 500 load cycles, proposing to reduce the soil resistance with a power law as a 
function of the number of cycles. Lin and Liao (1999) tested flexible piles with up to 100 cycles. 
The work was concluded suggesting a relationship in which the lateral displacement of the pile 
increases with the number of cycles through a logarithmic evolution. Peng et al. (2006), Peralta and 
Achmus (2010) and LeBlanc et al. (2010) performed small-scale tests on monopiles under cyclic 
lateral loading at 1g. Peng et al. (2006) showed that the lateral displacement of a monopile increases 
with the frequency and the amplitude of the cyclic load. Further, the results showed that the 
monopile accumulated a larger deflection when the load was between one-way and two-way 
loading than two-way loading. The study presented by Peralta and Achmus (2010) showed that the 
lateral displacement of piles increases with the number of cycles through a power law in rigid piles 
and a logarithmic law in flexible piles. LeBlanc et al. (2010) performed a series of tests with 8.000 
to 65.000 load cycles on a monopile model with a diameter of 80 mm and a penetration length of 
360 mm in dry loose sand. The study was concluded proposing a method that allows to predict the 
accumulated rotation of monopiles due to long-term cyclic lateral loading. The proposed 
formulation relates the accumulated rotation of the monopile to the number of cycles with a power 
law. This formulation also included functions that depend on the amplitude and symmetry of the 
cyclic load. Further, the test results revealed that during the tests the pile stiffness was increasing 
with the number of cycles. This is in contrast with the p-y method, in which a reduction of the 
lateral capacity of the pile is suggested for accounting cyclic loading. Moreover, Klinkvort et al. 
(2010) conducted a centrifuge study in dense sand, proving that the stiffness and static capacity of 
the pile increased after applying cyclic lateral loading. Similar results were presented in other 
works, with centrifuge tests in medium dense sand in Haigh (2014), and with 1g modelling in dense 
sand in Nicolai and Ibsen (2014). Therefore, changes of the foundation stiffness and bearing 
capacity are not properly understood and further research is necessary. 
 
EXPERIMENTAL SETUP 
 
The tests of the present investigation were conducted in the laboratory of geotechnical engineering 
at the Aalborg University. The setup used for the tests is a 1g testing rig capable of performing 
cyclic and static tests, as depicted in Figures 1 and 2. The rig consists of a steel sandbox S, a loading 
frame F, a loading lever L, three weight hangers supporting three masses m1, m2 and m3, three 
displacement transducers D1, D2 and D3, two load cells F1 and F2, two steel wires W1 and W2, and a 
steel bar B. The sandbox is a cylindrical caisson with a height of 1.20 m and a diameter of 2.00 m, 
filled with gravel for 0.30 m at the bottom and with sand for 0.90 m at the top, separated by means 
of a geotextile membrane. The soil was saturated with water poured through a system of perforated 
pipes placed in the gravel, which is used as a drainage material. The pipes are equally distributed in 
the gravel layer in order to guarantee a uniform distribution of water in the soil. The soil sample 
was saturated with a water level of 20 to 40 mm above the sand surface. The tests were conducted 
with the Aalborg University Sand No. 1 (Baskarp Sand No. 15) and its properties are presented in 
Table 1. 
 
 
Figure 1. Sketch of the testing rig, where S, F, L and B are the sandbox, loading frame, loading 
lever and steel bar, respectively. W1 and W2 are the steel wires, D1, D2, and D3 are the horizontal 
displacement transducers, F1 and F2 are the load cells, m1 and m2 are the masses used to perform the 
cyclic loading, and m3 is the mass to counterbalance the left side of the rig. Dimensions are in m. 
 
 
Figure 2. Photograph of the experimental setup. 
 
Table 1. Characteristics of Aalborg University Sand No. 1 
Property Valu
e 
Unit 
%d 5050   - quantile 0.14
 
[mm] 
1060 d/dCU   1.78 [-] 
Specific grain density ds 2.64 [-] 
Maximum dry unit weight, 
γmax 
17.0
3 
[kN/m
3
] 
Minimum dry unit weight, 
γmin  
14.1
9 
[kN/m
3
] 
 
 
The soil was the same among the tests and was prepared dense with a relative density of 80% to 
90% by means of a standard procedure to ensure conditions of repeatability. Such procedure is 
widely described in Sørensen and Ibsen (2011), Roesen et al. (2012) and Sørensen et al. (2015), and 
it consists of different steps that were repeated before each test. The sand was loosened increasing 
the water level by 100 mm above the soil surface with an upward hydraulic gradient of 0.9. The soil 
was then compacted by introducing a vibrator rod in the sand through a wooden plate with equally 
distributed holes, placed on the top of the sandbox. The soil was vibrated in established holes with a 
specific order to achieve a uniform compaction of the sand. The water level was above the sand 
surface to let air outside the sand during the vibration. The density of the sand was controlled by 
adjusting the amount of vibration. Finally, Cone Penetration Tests (CPTs) were performed along the 
centerline of the sandbox to check whether the sand was consistently dense among the tests. The 
relative density of the sand was calculated through the CPTs results, following the procedure 
described in Ibsen et al. (2009). A plot of the CPT results is depicted in Figure 3, where the cone 
resistance is shown against the penetration depth. 
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Figure 3. Results from CPTs. 
 
 
The installation of the monopile model was followed after preparing the soil by slowly jacking the 
monopile into the soil in the center of the sandbox. The steel bar B was bolted on the top of the 
monopile and connected to the rig through the two steel wires W1 and W2, as shown in Figure 4. The 
loads were applied to the monopile model by pulling the wires connected to the steel bar, which 
represents the eccentricity of the load. The static tests were carried out with a screw jack, placed on 
the left side of the testing rig. The steel bar was monotonically pulled through the steel wire W1 at a 
constant velocity of 0.02 mm/s. The cyclic tests were performed using both the two steel wires W1 
and W2 and an electric motor that controls the weight hanger of m1. The weight hanger of m2 was 
steady and attached to the steel bar, whilst the weight hanger of m1 was enabled to make a circular 
rotation that induced the loading lever to oscillate vertically. The oscillation of the loading lever 
was directly applied to the steel bar and thus to the monopile, generating the cyclic loading. The 
third mass m3 was constant in each test and was used to counterweigh the loading lever. The 
frequency of the cyclic load was set to 0.1 Hz, and it was determined by the time that the weight 
hanger of m1 takes to a complete a circular rotation. The horizontal displacement of the monopile 
was measured with the three transducers D1, D2 and D3, whilst the applied loads with the two load 
cells F1 and F2. The monopile model was an aluminum hollow pile with a diameter of 100 mm, a 
length of 500 mm and a wall thickness of 5 mm, representing a full-scale monopile in scale of 1:50. 
The response of the monopile was drained, as no pore pressure developed during the tests. The tests 
were load controlled and the PC-based data acquisition HBM Spider was used to record the 
measurements. 
 
 
Figure 4. Small-scale monopile model and steel bar. 
  
 
Methodology 
 
Two non-dimensional parameters are used to describe the characteristics of the cyclic loads, which 
were originally introduced in LeBlanc et al. (2010),  
 
R
max
b
M
M
                                            (1) 
max
min
c
M
M
                 (2) 
 
where Mmin and Mmax are the minimum and maximum moments in a cyclic test and MR is the static 
capacity of the pile. The parameter b represents the amplitude of the load, whilst c is related to the 
symmetry of the cyclic loading. The parameter c is defined such that is equal to 0 for one-way 
loading and to -1 for two-way loading, as depicted in Figure 5. 
 
Figure 5. Cyclic loading configurations (from LeBlanc et al. 2010). 
TEST RESULTS 
 
Testing program 
 
Three series of tests were carried out in the present work, investigating the influence that the non-
dimensional parameters b, c and the number of cycles N have on the monopile static capacity. 
Every series was performed keeping constant each parameter within the tests, except the parameter 
that was investigated. The tests were carried out mainly with several thousands of cycles in order to 
represent the long-term response, but also the behavior of the monopile at short-term was studied by 
analyzing tests of 10 to 100 cycles. The effects of the cyclic loads on the monopile behavior were 
evaluated by determining the static capacity at the end of each cyclic test. The static after cyclic 
capacity Mpc and the corresponding rotation θpc were then analyzed in relation to the static capacity 
without pre-cycling the monopile MR and the corresponding rotation θR. 
 
First series of tests 
 
The first series of tests was performed to evaluate the influence of b on the static capacity of the 
monopile. 
Three tests with 10000 load cycles were carried with c approximately constant and b varying, as 
shown in Table 2. The final results of the tests have been plotted in Figure 6, where it is shown that 
M 
M R 
0 
 c =0.0 
0.25 
 b = 
0.5 
0.75 
1.0 
 b =0.5 
0.5 
0.0 
 c = 
- 0.5 
- 1.0 
the capacity of the monopile is increased by 10% to 20% after the cyclic tests in relation to b. The 
plot shows that the test results can be fitted with a straight line that increases proportionally to b. 
This means that the amplitude of the cyclic loading clearly affects the static after cyclic capacity of 
the monopile. The increase of capacity is due to a compaction of the sand, which is induced by the 
cyclic lateral loading. The observed results of Figure 6 indicate that a higher intensity of the cyclic 
load cause a larger compaction of the sand around the monopile that enhances the resistance of the 
soil. Note that the straight line in Figure 6 has been evaluated to achieve Mpc / MR =1 for b = 0, as 
no cyclic load would be applied in this case.  
The results of the tests in relation to the normalized rotation have been plotted in Figure 7. Note that 
the different accumulated rotation, due to the cyclic tests, makes the static after cyclic curves have 
different initial positions. It is evident that the slope of the curves is larger from the test C1-1 to C1-
3, indicating that there is an increase of rotational stiffness of the soil for increasing b. 
 
Table 2. Characteristics of the first series of tests. 
Test N ζb ζc 
C1-1 10055 0.25 -0.14 
C1-2 10012 0.31 -0.13 
C1-3 10029 0.37 -0.12 
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Figure 6. Static after cyclic capacity of the first series of tests in relation to the parameter b. 
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Figure 7. Static after cyclic plots of the first series of tests. 
 
Second series of tests 
 
The purpose of second series of tests was to investigate the variation of the monopile static after 
cyclic capacity as a function of the symmetry of the cyclic load, i.e. c. Two tests with 
approximately constant b and different c were performed, as summarized in Table 3. Figures 8 
and 9 depict the static after cyclic capacity as a function of c and in relation to the normalized 
accumulated rotation. The plots show that a larger increase in capacity occurs after two-way loading 
than one-way loading. This means that a larger movement of the soil, due to the reverse loading, 
induces to increase the sand compaction and consequently the monopile capacity. Note that a 
negative accumulated rotation of the monopile is reached at the end of the test C2-3. A similar 
result was reported by Klinkvort and Hededal (2013), which conducted a centrifuge study on a 
monopile under cyclic lateral loading in dense sand, showing that the monopile accumulated a 
negative deflection under two-way loading. The conclusion of the work was that the reversing 
displacement of the monopile was due to the high density of the sand. Further, Figures 7 shows that 
the increase in static capacity due to cyclic loading is proportional to the rotation accumulated at the 
end of the cyclic tests. This might suggest that the increase in static capacity is due to the 
accumulated rotation reached after cyclic loading. In contrast, Figure 9 shows that the increase of 
capacity is larger after the test C2-2 although the accumulated rotation after the cyclic test was less 
than in the test C2-1. This proves that the increase of the monopile capacity is mostly affected by 
the reverse loading during a two-way cyclic test than the accumulated rotation. 
 
Table 3. Characteristics of the second series of tests. 
Test N ζb ζc 
C2-1 50810 0.32 -0.15 
C2-2 50466 0.33 -0.95 
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Figure 8. Static after cyclic capacity of the second series of tests in relation to the parameter c. 
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Figure 9. Static after cyclic plots of the second series of tests. 
Third series of tests 
 
Five tests with different number of cycles were carried out in the third series of tests with 
approximately constant b and c, as shown in Table 4. The final increase in static capacity has been 
plotted as a function of the logarithm of the number of cycles N in Figure 10. The results reveal that 
the static capacity of the monopile increases linearly with the logarithm of N, from 5% after 10 
cycles to 12% after 50000 cycles.  This suggests that a larger compaction occurs in sand, increasing 
the number of load cycles that leads to an increase of the monopile capacity. Figure 11 depicts the 
static after cyclic tests in relation to the normalized accumulated rotation. It is evident the stiffer 
response of the monopile due to the increase of the number of cycles. 
 
 
Table 4. Characteristics of the third series of tests. 
Test N ζb ζc 
C3-1 10 0.25 -0.13 
C3-2 100 0.26 -0.13 
C3-3 917 0.27 -0.05 
C3-4 10055 0.25 -0.14 
C3-5 50069 0.26 -0.10 
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Figure 10. Static after cyclic capacity of the third series of tests in relation to the number of cycles N. 
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Figure 11. Static after cyclic plots of the third series of tests. 
 
ANALYSIS 
 
The observed results of this work suggest that the three parameters b, c and the number of cycles 
N have a clear influence on the variation in static capacity of the monopile. It is shown that the 
static capacity increases with the number of cycles, with the amplitude of the cyclic loading and 
from one-way to two-way loading. Based on the results shown in the present investigation, the 
increase in static capacity of the monopile due to cyclic lateral loading may be evaluated as 
 
      ccbbN
R
pc
MMNM
M
M
Mˆ   1           (3) 
where MN(N), Mb(b) and Mc(c) are non-dimensional functions that depend respectively on N, b 
and c. The functions Mb and Mc represent the effects of the amplitude and symmetry of the cyclic 
loading on the monopile capacity and can be determined as 
 
  bbbb mM                              (4) 
  cccc
c
m
M  1                           (5) 
where mb and mc represent the slope of the curves that fit the data shown respectively in Figures 6 
and 8, and c is a calibration factor. The parameter c is necessary to achieve results independent of 
the parameters b that were used in the tests for determining mc, and can be evaluated as 
 
 221 nMmc N,bb                          (6) 
in which b,2 is the average of the parameters b that were used to perform the second series of tests 
and n2 is the average of the number of cycles of the second series of tests. MN is the function that 
relates the variation in static capacity with the number of cycles of the cyclic test and is determined 
as 
 
   
 1nln
Nln
NM N              (7) 
where n1 is the average of the number of cycles of the first series of tests. Note that the formulation 
proposed in Equation (4) is valid for a value of b > 0 such that the monopile is moving under cyclic 
lateral loading. The effect of the cyclic loading symmetry is considered as a contribute that is zero 
for one-way loading and is positive for c < 0, which is added to the increase in static capacity due 
to b. Further, it should be noted that no tests with less than ten cycles were performed and therefore 
Equation (4) is valid for N  10. Indeed, the first cyclic loads have a larger influence on the soil 
particles, and thus a non-linear increase in static capacity may be expected. 
 
Discussion 
 
The presented method allows to predict the variation of the monopile static capacity due to cyclic 
lateral loading, having in input b, c and N. Table 5 reports a comparison between the results from 
the present investigation and the predicted values with Equation (4), in which the variation Mˆ  
represents the variation between the real increase in static capacity achieved in the presented tests 
realMˆ and the value predicted with Equation (4) predictedMˆ , as shown in Equation (8). Note that the 
predicted results in Table 5 are determined with mb = 0.4 and mc = 0.07, which arise from the results 
of the present investigation. The observed results of Table 5 show that the difference between real 
and predicted results is zero in most of the tests, with a largest discrepancy of 1.7% to 1.9% in the 
tests C1-3 and C3-1, respectively.  
 
Table 5. Comparison between the real and predicted variation is static capacity of the monopile due to cyclic lateral loading. 
Test C1-1 C1-2 C1-3 C2-1 C2-2 C3-1 C3-2 C3-3 C3-4 C3-5 
realMˆ  
1.11 1.12 1.18 1.16 1.23 1.05 1.06 1.07 1.11 1.12 
predictedMˆ  
1.11 1.13 1.16 1.16 1.23 1.03 1.06 1.08 1.11 1.13 
Mˆ  0 -0.9% 1.7% 0 0 1.9% 0 0.9% 0 -0.9% 
 
 
real
predictedreal
Mˆ
MˆMˆ
Mˆ

            (8) 
 
 
 
CONCLUSIONS 
 
The present work presents results from three series of laboratory tests on a monopile model to 
evaluate the influence of cyclic lateral loading on the monopile behavior. Static tests were carried 
out after applying cyclic loads with different loading conditions. The observed results showed a 
clear relationship between the amplitude, symmetry and number of cycles of the cyclic load with 
the variation in static capacity. The static capacity of the pile increased with the amplitude of the 
cyclic load and with the logarithm of the number of cycles. Further, it was shown that such an 
increase was larger after a cyclic test with two-way than one-way loading. The work was concluded 
proposing a method to evaluate the variation in static capacity of the monopile due to cyclic lateral 
loading. Moreover, this method was applied to the results of the present investigation, showing a 
reliable prediction.   
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